The number of women who delay their first childbirth is increasing. This demographic shift is an important health issue because advanced maternal age is a risk factor for reproductive capacity loss and the occurrence of placental bed disorders that may lead to placenta abruption, preeclampsia, and placenta insufficiency. A redox imbalance status, resulting from the enhanced production of reactive oxygen species or their deficient neutralization, is proposed to occur in this setting. Thus, uterine redox status was evaluated in young (8-to 12-wk-old) and reproductively aged (38-to 42-wk-old) mice. In addition, it was hypothesized that specific dietary antioxidant supplementation would restore the balance and improve the reproductive outcome of aging female mice. To test this hypothesis, two different antioxidants, the nicotinamide adenine dinucleotide phosphate oxidase (NOX) inhibitor apocynin and the superoxide dismutase mimetic 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL), were added to the drinking water of female mice prior to and during pregnancy. Compared to younger females, uteri from reproductively aged nonpregnant mice exhibited areas of endometrial cystic dilation, increased level of NOX1 expression, and enhanced protein carbonylation, especially in the apical surface of the luminal epithelium. Both antioxidants decreased protein carbonylation level in the uterus of reproductively aged mice. When reproductively aged females became pregnant, the litter size was smaller and fetuses were heavier. The change was accompanied by a significant decrease in decidua thickness. Provision of apocynin significantly increased litter size and restored decidua thickness. Reproductively aged mice provided with TEMPOL did not evidence such benefits, but whereas apocynin normalized fetal birth weight, TEMPOL further increased it. These findings emphasize that uterine redox balance is important for reproductive success and suggest that age-related redox imbalance might be compensated by specific antioxidant supplementation.
INTRODUCTION
Worldwide, the number of women who postpone childbearing until their late thirties is increasing steadily [1, 2] . This decision, likely to be rooted to economic or educational reasons, poses important medical problems at the outset because female reproductive system functional decline is chronologically anticipated so that by the late thirties it is already clinically significant.
Although the main determinant of female reproductive aging is the ovary, due to the progressive age-related loss of oocyte number and quality [3, 4] , in vitro fertilization and donor egg programs have demonstrated that uterine factors are additional contributors [5] [6] [7] . In oocyte donation programs, an age-related decline of recipient's endometrial receptivity is considered to be responsible for further lowering implantation and pregnancy rates [8, 9] . Moreover, at an advanced maternal age, apart from the significant reduction in fertility, there is additional risk for the appearance of serious pregnancy-related disorders and complications [10] , including abortion [11] , preterm delivery, intrauterine growth restriction, abruptio placenta and fetal death [11] [12] [13] .
The age-related decline in female reproductive capacity, that is, the ability to reproduce, is not exclusive of humans as it is also noticed in other mammalian species such as the rat [14, 15] , the mouse [16] , and the hamster [17] . In the female mouse, decline begins when they are 9-10 mo old. When, compared to young females, the ovaries still retain their function, and mice have similar pregnancy rates and number of implantation sites at the first week of pregnancy. However, litter size diminishes significantly [18, 19] due to an increased resorption rate [20] in the following 2 wk. This period of reproductive decline can be seen as a functional approximation to humans near their late thirties.
The underlying cause for the uterine-related grim outcomes is unknown, but there is evidence in favor of local redox status involvement. In particular, an age-related disruption of redox homeostasis, consequent to local enhanced generation or defective scavenging of reactive oxygen species (ROS), was suggested [21, 22] . Although it is known that redox balance plays a role in the modulation of reproductive physiology [23, 24] its loss impinges on pregnancy and promotes the occurrence of complications [23, 25, 26] . Therefore, the most serious, great obstetrical syndromes may in fact be the clinical 1 The study was funded by a grant from Porto University (PP_IJ-UP_2011_86). E.S. and L.M. were funded by the Portuguese Government and the European Union through FCT/POPH/FSE under the fellowship SFRH/BPD/72536/2010 and SFRH/BD/61820/2009, respectively. consequences of redox imbalance, occurring at the maternal/ fetal interface [27] .
Over the last decades, increasing human and nonhuman research was undertaken to verify the anticipated health benefits of antioxidant supplementation in a number of disorders related to redox imbalance. However, despite the recognized value of some antioxidants in defined situations and the wealth of studies in the area (finely reviewed by Firuzi and collaborators [28] ), the claim for their overall benefits as preventive or therapeutic agents still awaits confirmation. Divergence between the results of extensive observational or in vitro experimental studies and those from in vivo controlled diet supplementation may be due to the use of unspecific antioxidant molecules (as antioxidant vitamins), insufficient bioavailability, inappropriate administration time, or ill targeting [23, [29] [30] [31] . Yet, such conflicting or divergent findings should not deter from exploring the potential health benefits of specific compounds. Therefore, it was hypothesized that the utero-placental compartment, consisting of the uterine implantation site, would present an age-related redox imbalance, with undesirable consequences, amenable to reversion upon dietary supplementation with specific antioxidants.
Hypothesis testing began by studying the morphology and evaluating nicotinamide adenine dinucleotide phosphate oxidase 1 (NOX1) expression in uteri of young (8-to 12-wk-old) and reproductively aged (38-to 42-wk-old) nonpregnant mice. Then, the effect of dietary antioxidant treatment on nonpregnant uterine redox balance was determined. Finally, the uteroplacental compartment was assessed in reproductively aged female and the effect of dietary antioxidant supplementation on reproductive outcome, utero-placental morphology, and tissue oxidative damage was examined.
MATERIALS AND METHODS

Animals and Tissue Collection
The experiments were performed according to the Portuguese law on animal welfare and the guidelines issued by Federation of European Laboratory Animal Science Associations (FELASA). Female and male mice C57BL/6J aged 6 wk were obtained from Harlan. The animals were housed under controlled conditions and fed ad libitum with standard mice chow and tap water. Females were maintained in our facilities until 8-to 12-wk-old or 38-to 42-wk-old (young and reproductively aged females, respectively). The use of 38-to 42-wk-old females was based on the fact that the female reproductive lifespan in C57BL/6J mice extends approximately to 12-13 mo of age [18, 20] and reproductive decline starts at about 9-10 mo of age [18] .
Young and reproductively aged nonpregnant females were chronically treated with a NOX inhibitor (apocynin, 5 mM) [32] or a superoxide dismutase (SOD) mimetic (4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy [TEMPOL], 1 mM) [33, 34] . Reproductively aged pregnant female mice were also chronically treated with each of these antioxidants, administered in the drinking water. Water bottles were protected from light and changed twice a week. The experimental group design and total number of animals used is shown in Figure  1 .
At the selected ages, female mice were mated with proven fertile wild-type males. Following natural mating, cesarean was performed at 20.5 days postcoitum (dpc) of pregnancy (plug: 0.5 dpc). After inhalation anesthesia with isofluorane and working in an adequate surgical environment, the abdomen was opened with tweezers and scissors, the uterus was removed, and animals were killed by cervical dislocation.
The number of viable implantations in each uterine horn was counted and fetuses were weighted. The remains of unviable implantations (resorptions) were noted. For structural studies, uterine pieces with adherent placenta (uteroplacental compartment) were collected and fixed overnight in 4% paraformaldehyde. For molecular studies, nonplacental and placental detached uterine pieces were prepared and stored at -808C until further analysis. In addition, uteri from nonpregnant young and reproductively aged mice were collected and processed for structural studies as mentioned above.
Histology and Data Analysis
Fixed tissues were prepared according to standard procedures for paraffin embedding. Blocks were serially sectioned at 5 lm thickness, mounted on poly-L-lysine-coated slides, dried overnight at 378C, deparaffinized with xylene, and rehydrated with decreasing concentrations of ethanol.
Sections for morphological examination were stained with hematoxylin and eosin, observed under a light microscope equipped with a digital camera (Leica stereomicroscope) and the images were recorded. For the study of uteroplacental compartment, a minimum of four slides per group was used to determine the thickness of decidua basalis, basal plate, and labyrinth zones close to the central portion of the placenta. For each slide, a mean value of six measures per each compartment, obtained by two researchers, was used for further calculations.
Fluorescence Microscopy
Sections were deparaffinized and rehydrated as previously mentioned. For protein carbonyl assessment, an additional derivatization process was required before nonspecific signal blocking. The derivatization protocol was performed as previously published [35] . In brief, sections were incubated in 5 mM 2,4-dinitrophenylhydrazine (Sigma-Aldrich) for 10 min, the reaction was stopped with 2 M Tris base, pH 10, and slides were washed with phosphate-buffered saline solution (PBS).
Background staining was blocked with 2% bovine serum albumin in PBS for 30 min at room temperature, and subsequently, the slides were incubated with a polyclonal rabbit antibody recognizing dinitrophenyl (DNP) (1:1000; Sigma-Aldrich) or NOX1 (1:50; Santa Cruz Biotechnology) in PBS-Tween 0.1% (PBST) overnight at 48C. On the following day, slides were washed in PBST, incubated with Alexa Fluor 488-conjugated anti-rabbit immunoglobulin G secondary antibody (1:400; Molecular Probes) in PBST for 1 h at room temperature, washed again, counterstained with 4 0 ,6-diamidino-2-phenylindole, and mounted. Slides were examined and images were recorded under a fluorescence microscope (Carl Zeiss AxioImager Z1) equipped with a digital camera. Images were analyzed using Image J software. Three sections of each nonpregnant uterus and two sections of each utero-placental compartment per animal were examined.
Western Blot Analysis
A small-unthawed portion of tissue was cut from samples frozen at À808C and cut again to smaller portions. Tissue was homogenized using a glass homogenizer (Heidolph) in 500 ll of ice-cold lysis buffer (10 mM NaCl, 5 mM ethylenediaminetetraacetic acid, 50 mM Tris-HCl, pH 7.5, and 1% SDS) containing proteases inhibitors (P8340; Sigma) and phosphatases inhibitors (P0044, P5726; Sigma). Afterward, the lysates were sonicated and centrifuged at 1500 3 g for 5 min. The pellet was rejected, and the supernatants were stored at À808C for future experiments.
Equal amounts of protein determined using the method of Bradford [36] were mixed with 43 sample buffer (1.875 M Tris-HCl pH 8.8, 8% SDS, 40% glycerol, 0.5 M ethylenediaminetetraacetic acid, 1 M dithiothreitol and 0.2% FIG. 1. Schematic illustration of the experimental set up. Young and reproductively aged mice were chronically treated with apocynin (5 mM) or TEMPOL (1 mM) administered in the drinking water for 4 wk and 1 wk prior to pregnancy, respectively. At 20.5 dpc (the plug being considered 0.5 dpc), surgeries were performed on all the females and the tissues collected. The number of nonpregnant mice used per group was eight, with the exception of the apocynin group in reproductively aged mice where the number of animals was six. The number of pregnant mice used per group was: nine, young; 14, reproductively aged control; 12, reproductively aged apocynin, and seven, reproductively aged TEMPOL.
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bromophenol blue), heated at 658C for 15 min, then at 958C for 5 min, and centrifuged at 15 000 3 g for 5 min. Samples were electrophoretically separated in a 14% SDS-polyacrylamide gel and electrotransferred to nitrocellulose membranes in Tris-glycine transfer buffer containing 20% methanol. Afterward, membranes were washed in distilled water, stained with Ponceau S, and photographed in a ChemidocTM MP imaging system (Bio-Rad). Then, they were washed with 20 mM Tris pH 7.6 and 137 mM NaCl containing 0.1% Tween 20 (TBST), blocked for 1 h in 2% nonfat dry milk in TBST, and incubated with NOX1 antibody (1:500; Santa Cruz Biotechnology) overnight at 48C, with agitation. On the following day, membranes were washed with TBST for 30 min (TBST was changed every 10 min) and probed with donkey secondary antibody (1:15 000 dilution anti-rabbit horseradish peroxidase, 711-035-152; Jackson ImmunoResearch) in blocking solution for 1 h at room temperature, also with agitation. Blots were then washed with TBST for 30 min (TBST was changed every 10 min) and revealed with a chemiluminescent agent (Bio-Rad) for 2 min at room temperature. The reaction was visualized in a ChemidocTM MP imaging system (Bio-Rad). The Ponceau S staining was used for protein loading normalization, and quantification was performed using Image Lab version 4.0.1 (BioRad).
SOD Activity
Total SOD activity was assayed by the method of Flohe and Otting [37] with slight modifications. This is an indirect method based on the competition between nitro blue tetrazolium (NBT) and SOD for the superoxide anion (O 2 À ). NBT (yellow) is the indicator compound, which after reduction changes to a blue product (formazan) that can be read at 560 nm (Beckman DU640 Spectrophotometer). Thus, when SOD is present, NBT reduction is inhibited resulting in a decrease of the absorbance; the O 2 À required for NBT reduction was generated by a xanthine/xanthine oxidase (XO) system. For SOD activity, placental bed samples were homogenized in cold potassium phosphate buffer (50 mM, pH 7.4) containing Triton 0.1% (v/v). The reaction was initiated by the addition of 20-30 ll of XO solution-0.2 units (U)/ml XO in potassium phosphate buffer-to 950 ll of assay buffer (50 mM potassium phosphate buffer pH 7.8 containing: 1.1 mM diethylene-triaminepentaacetic acid, 0.1 mM xanthine, 50 lM bathocuproinedisulfonic acid, 2 mM bovine serum albumin, 50 lM NBT, and 100 U catalase) that had been previously mixed with 25 ll of protein homogenate (at the concentration of 0.5 lg/ll). The blank reaction was achieved by replacing the cell homogenate with the same volume of potassium phosphate buffer. The rate of inhibition of NBT reduction by SOD was monitored for 1 min at 560 nm, and the NBT reduction curve for the blank was adjusted to a DAbs min À1 ¼ 0.020. One unit of SOD was defined as the concentration required to inhibit by 50% the rate of the xanthine/XO-mediated reduction of NBT. SOD activity was calculated against a standard curve of SOD from bovine erythrocytes. Results are expressed as U SOD/mg protein. Potassium cyanide (5 mM), added to the assay buffer, was used to selectively inhibit Cu-and Zn-SODs activity (Cu/Zn-SOD and extracellular SOD) and thus allow Mn-SOD determination.
Drugs
All the chemicals were purchased from Sigma-Aldrich Company unless otherwise stated.
Statistics
Arithmetic means are given with standard error of the mean (SEM). Statistical analysis was carried out with a Student t-test when comparing two groups. When assessing more than two groups, one-way analysis of variance (ANOVA) followed by Newman-Keuls multiple comparison test or two-way ANOVA followed by Bonferroni post hoc test was used. P , 0.05 was assumed to denote a significant difference.
RESULTS
Age-Related Alterations in Nonpregnant Mice Uterine Morphology and Redox Balance
At the estrus phase, uterine morphology of nonpregnant reproductively aged female mice evidenced endometrium with enlarged stromal cells and cystic dilation of uterine glands lined by a single layer of flattened cells and filled with proteinaceous material (Fig. 2) . Because the NOX enzyme is one of the most important sources of intracellular ROS, the expression of a uterine member of this family (NOX1) was evaluated. Figure 3 shows that in reproductively aged mice NOX1 expression was significantly increased (in percentage of staining: 2.4 6 0.2 vs. 3.8 6 0.4 in young and reproductively aged mice, respectively). Uterine luminal epithelium, glandular epithelium, and the stroma were all positive for NOX1 expression.
Effect of Age on Pregnancy
Weight characteristics and reproductive capacity of young and reproductively aged female mice are depicted in Table 1 . Because rodents still grow in adulthood, female weight before pregnancy was significantly increased in reproductively aged mice. The reproductive capacity of female mice diminished with age. In fact, during uterine inspection of aged pregnant mice, a significant decrease in the number of viable fetuses was counted. Moreover, half of the reproductively aged uteri presented resorptions, whose average number was 2.8 6 0.8. No resorptions were observed in the uterus of young mice. Histological examination of the utero-placental compartment from young and reproductively aged mice, at term, was performed (Fig. 4) . In reproductively aged females the placental bed size was reduced. Quantification of the thickness of the decidua showed a significant decrease in reproductively aged females, when compared to young ones (in lm: 695.3 6 49.5 vs. 410.8 6 45.4 in young and reproductively aged females, respectively); however, no differences were observed in the fetal placenta layers thickness (in lm: 625.5 6 74.1 vs. 574.8 6 34.1 and 2096 6 93.2 vs. 2497 6 199.4 in young vs. reproductively aged females junctional zone and labyrinth, respectively) (Fig. 4) .
Next, the expression of NOX1 was evaluated in the placental bed of young and reproductive aged mice. In this tissue, three isoforms of NOX1 were detected and referred to as isoforms A, B, and C. No significant changes were observed for NOX1 isoforms expression in the placental bed (in relative units: 0.87 6 0.22 vs. 1.46 6 0.83; 0.51 6 0.19 vs. 0.62 6 0.18; and 0.21 6 0.01 vs. 0.50 6 0.16 for NOX1 A, B, and C isoforms in young and reproductively aged females, respectively) (Fig. 5) . Additionally, the activity of the main antioxidant enzyme, SOD, was determined in the placental bed tissue (Fig. 6) . No changes were observed in total SOD activity (in U SOD/mg protein: 2.566 6 0.376 vs. 4.929 6 1.077 in young and reproductively aged females, respectively) and Mn-SOD activity (in U SOD/mg protein: 1.847 6 0.207 vs. 1.486 6 0.209 in young and reproductively aged females, respectively) (Fig. 6, A and B) . However, copper-and zincdependent SOD activity (Cu/Zn-SOD and extracellular SOD) was significantly increased from 0.963 6 0.395 U SOD/mg protein in young animals to 2.824 6 0.548 U SOD/mg protein in reproductively aged ones (Fig. 6C) .
Effect of Antioxidant Treatment in Nonpregnant Mice Uterine Redox Balance
In the attempt to reverse the observed age-related changes in uterine tissue, antioxidants were administered to both young and reproductively aged nonpregnant mice. Evaluation of nonpregnant mice uterine structure showed that cystic dilation of glands was still present in females receiving antioxidants (data not shown). However, immunodetection of protein carbonyls, a widely used marker of oxidative stress, revealed that although protein carbonylation staining was significantly increased in the uterus of nonpregnant mice (values in percent of staining: 0.41 6 0.13 in young control vs. 2.09 6 0.83 in reproductively aged mice), both apocynin and TEMPOL treatment reversed the observed age-induced changes in protein carbonylation content (values in percent of staining: 0.69 6 0.44 and 1.09 6 0.16 in apocynin-and TEMPOL-treated reproductively aged mice, respectively). Antioxidant treatment did not alter uterine redox balance of young nonpregnant mice (Fig. 7) . SILVA ET AL.
Effect of Antioxidant Treatment on Pregnancy
Because antioxidants reversed the observed uterine agerelated increase in protein carbonylation, they were also administered to older females before and during pregnancy. Liquid intake and female weight parameters were monitored during the first week of treatment. No changes were observed in both parameters (Table 2) . Pregnancy weight gain and litter weight were significantly decreased in reproductively aged controls and apocynin-treated group, when compared to young females. This contrasted with the TEMPOL group where no changes were observed, most likely because TEMPOL-treated females had the highest weight gain per fetus (Table 2) .
At the end of the pregnancy, reproductive capacity evaluation showed that the number of implantation sites with viable fetuses increased significantly in reproductively aged mice supplemented with apocynin, from a mean value of 2.1 6 0.5 in the reproductively aged control group to 3.8 6 0.7 in the reproductively aged apocynin-treated group (Fig. 8A) . However, it did not fully reverse the previously observed agerelated decrease. TEMPOL failed to improve reproductive capacity (mean value of implantation sites with viable fetuses ¼ 2.8 6 0.9) (Fig. 8A) . Interestingly, both antioxidant treatments affected fetal weight; apocynin significantly decreased it to values similar to the ones obtained for young females, while 
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TEMPOL further increased it (mean weight in g: 1.300 6 0.064 vs. 1.115 6 0.061 vs. 1.515 6 0.046 in control, apocynin group, and TEMPOL group, respectively) (Fig. 8B) .
Effect of Antioxidant Treatment on Mice Term UteroPlacental Structure and Redox Balance
The effect of antioxidant treatment on the morphology of term utero-placental compartment was dependent on the antioxidant used (Fig. 9) . Apocynin treatment increased significantly decidua layer thickness (mean values in lm: 795.5 6 142.0) without altering other layers (mean values in lm: 568.3 6 48.0 and 2436 6 346.4 for junctional zone and labyrinth, respectively) (Fig. 9) . TEMPOL treatment had no effect on thickness of utero-placental compartment layers (mean values in lm: 556.5 6 66.5, 565 6 113.3, and 2174 6 196.6 for decidua, junctional zone and labyrinth, respectively) (Fig. 9) .
Interestingly, the results from quantification of protein carbonylation level in the decidua showed that this marker was significantly increased in reproductively aged mice (in percent of staining: 2.3 6 0.3 vs. 7.2 6 0.8 in young and reproductively aged control group, respectively) (Fig. 10) . Furthermore, both antioxidants decreased protein carbonylation level to values similar to those observed for young females (in percent of staining: 3.2 6 0.2 vs. 2.7 6 0.3 in reproductively aged apocynin group and TEMPOL group, respectively) ( Fig.  10) . No differences were observed in the placenta (in percent of staining: 4.0 6 0.3 vs. 4.2 6 0.5 vs. 3.0 6 1.0 vs. 2.7 6 0.3 for young, reproductively aged control, apocynin group, and TEMPOL group, respectively) (Fig. 11) .
DISCUSSION
The present study provides evidence that an age-related uterine redox imbalance underlies a loss of reproductive capacity in reproductively aged female mice and that specific antioxidant treatment is able to ameliorate it. First, it was shown that the uterus from nonpregnant reproductively aged mice had altered redox balance amenable to amelioration by specific antioxidant treatment. Next, data demonstrated that apocynin treatment improved the observed age-related decrease in mice litter size and restored decidua layer thickness. Additionally, it was reported that fetal weight was influenced by the regional redox balance.
Oxidative stress, arising from an imbalance in cell redox status, results in ROS harmful actions on biomolecules. This has been proposed to underlie the development of health disorders, including pregnancy-related conditions [38, 39] . Interestingly, it is now widely accepted that their incidence increases in women at an advanced reproductive age, and they may be the result of an abnormal placentation [27] . These observations emphasize the relevance for further studies on local uterine redox balance and reproductive aging. For this reason, nonpregnant uterus and the uterine area where placenta adheres were the focus of the present study, which began by the evaluation of age-related alterations in nonpregnant uterine structure and redox balance. The results showed that reproductively aged mice exhibited cystic endometrial hyperplasia, a common age-related nonneoplastic lesion in mammals [40, 41] that has been associated with a decline in female fertility [41] . Moreover, those females evidenced increased uterine expression of the prooxidant enzyme NOX1. Apart from its role in the setting of cell signaling, the observed agerelated NOX1 increase in the mice's uterus is a likely contributor to local redox imbalance that results in damage to biomolecules, as evidenced by the observed higher uterine carbonyl content. One must not exclude a possible contribution of a dysfunctional adipose tissue to the observed increase in mice's uterine oxidative stress because reproductively aged females were heavier. Future studies assessing the percent of body fat will be useful to further interpret data on redox imbalance. Nevertheless, such oxidative changes may disturb cellular functions and potentiate the development of neoplastic and preneoplastic lesions, such as cystic endometrial hyperplasia [42] .
The alterations observed in the nonpregnant uterus of reproductively aged mice did not preclude them from becoming pregnant. However, a significant reduction in litter size was observed, which agrees with previous findings in favor of age-related midpregnancy-enhanced embryo death and increased embryo resorption rates [15, [18] [19] [20] . While insufficient blastocyst quality is a likely explanation for poor implantation and increased resorption rates in aged females, cross-transplantations studies show that the transference of fertilized ova from young mice into the uterus of reproductively aged mice have lower reproductive success when compared to the transference of ova to the uteri of young mice [43, 44] . This interesting observation is an additional support for the uterine role in age-related reproductive decline.
In order to further investigate this issue, a morphological evaluation of utero-placental compartments at term in young and reproductively aged mice was performed. Observation of utero-placental compartment structure showed alterations in the placentation site, namely a significant age-related reduction in the decidua thickness. This change was accompanied by REPRODUCTIVE AGING AND ANTIOXIDANTS enhanced NOX1 expression, although it did not reach a significant level. Additional studies addressing the expression and binding of NOX cytoplasmic subunits responsible for its activation will elucidate NOX-mediated role in local redox balance and placental bed development. Other, prooxidant, enzymes may also contribute to increased cellular oxidative stress, but the rise in copper-and zinc-dependent SOD activity in the older mice suggests a local adaptation to mitigate agerelated stressful conditions at the placental bed.
In fact, SODs activity has been evaluated in a variety of female reproductive tissues [23, 24, 45, 46] and is correlated with successful pregnancy outcome [24, 45, 47, 48] , further supporting the beneficial effect of oxidation buffering. It was thus appropriate to consider that acting on redox balance either by decreasing superoxide production or by increasing antioxidant defenses might ameliorate the observed reproductive changes. For this reason, apocynin and TEMPOL were chosen and administered to female mice. Although it is still a matter of debate whether it is apocynin or its metabolites that account for the antioxidant activity, it is widely accepted that the consequent reduction of superoxide production is due to deterrence of the cytoplasmic subunits of NOX enzymes from binding to and activating the membrane subunits [49] . In contrast to apocynin, TEMPOL antioxidant activity is a consequence of it being a SOD mimetic. Not much is known about the kinetics of apocynin in vivo and its side effects [49] . However, it has been shown that in rats after a period of 20 h upon intraperitoneal administration, 80% of the apocynin is recovered unchanged in the urine. In contrast to apocynin, TEMPOL easily crosses biological membranes and effectively scavenges superoxide. Different time and administration dosages of antioxidants were based on these facts and also on previously published work [32] [33] [34] .
The effect of antioxidant treatment in uterine oxidative stress was next evaluated by assessing a marker of oxidative damage, namely quantification of protein carbonylation content. Both antioxidants were able to decrease protein carbonylation in the uterus of reproductively aged nonpregnant mice. Moreover, no changes were observed in young female's uterus treated with antioxidants. In order to investigate whether antioxidants were able to improve pregnancy features during aging, dietary supplementation with apocynin or TEMPOL was employed to reproductively aged mice. Apocynin provision resulted in an increase in the number of successful implantation SILVA ET AL.
sites, likely due to resorptions decrease and also reestablished fetal weight. We attribute these beneficial effects to maternal uterine oxidative stress mitigation and consequent preservation of decidua layer integrity. Indeed, appropriate decidualization affords fetal protection from inflammatory and oxidative insults and maternal tolerance to fetal antigens [50, 51] and is strongly involved in the regulation of trophoblast invasion [50, 51] . Although TEMPOL treatment also decreased maternal uterine oxidative stress, it did not result in an increase in litter size. These results were unexpected in view of an earlier observation in a mouse model of preeclampsia (BPH/5), where TEMPOL significantly improves embryo survival [34] .
It is possible that extending the duration of treatment before pregnancy might be needed to increase litter size. While TEMPOL-related increase in fetal weight has been previously described [33, 34, 52] , apocynin decrease, here depicted, is a novel finding. This may have considerable clinical signification for human pregnancies complicated by increased fetal growth. We are convinced that the differences observed for the selected antioxidant molecules provide evidence for distinct mechanisms of action. Additional studies will be necessary to unveil how such mechanisms may interfere with the regulation of the uterine artery blood flow and nutrient transport, both known to have implications in fetal growth. 
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In summary, the present study provides new evidence that maintenance of reproductive ability during aging requires appropriate redox balance at the uterus, with an emphasis on the decidua. Moreover, it shows that the effects of age-related redox imbalance are amenable to amelioration employing diets with adequate antioxidant molecule supplementation, and, rather than rejecting the relevance of antioxidant provision in vivo, the data suggest that their effects may be selective for specific tissues and pathologic conditions. So, beyond supporting previous knowledge that uterine redox imbalance is harmful to the reproductive outcome, this study highlights the importance of further research in this field, hoping to find molecules with appropriate antioxidant properties and therapeutic utility.
The study provides evidence that age-related changes in mice uterus affect endometrium redox balance and both contribute to the observed decrease in litter size upon fertilization. Specific dietary antioxidant supplementation ameliorates this outcome, although it did not fully rescue it. This finding has relevance to human reproduction because important obstetrical disorders appear to result from defective redox balance at the placental bed and current societal trends postpone pregnancies to later reproductive years. The results of this study call for addition studies to elucidate the mechanisms that affect endometrial decidualization, trophoblast invasion, and fetal nutrient transport. It opens perspectives on the use of specific antioxidant molecules and the development of targeted therapies aiming at the improvement of pregnancy outcomes for women at a latter reproductive age, who are known to be at higher risk to develop serious pregnancy-related complications.
